The rates of oxide formation and reduction at platinum catalyst in polymer electrolyte fuel cells were measured potentiostatically with various potential histories to reveal the kinetics of the reactions. Reaction rates during potential holds after an anodic or a cathodic sweep were examined as a function of potential and PtOH-equivalent oxide coverage. At 500 and 600 mV vs. RHE, the oxide coverage increased or decreased with increasing time depending on the potential history; this result indicates that the surfaces with different potential histories have different surface states. Oxide reduction rates were compared by changing potential and duration for oxide formation to attain the same coverage before the reduction. Oxide formed at a higher potential for a shorter period of time was easier to reduce than oxide formed at a lower potential for a longer period of time. This indicates that the oxide-formation potential and/or oxide-formation time are factors to determine the oxide reduction rate.
Introduction
Polymer electrolyte fuel cells (PEFCs) have shown significant improvements in their performance and durability for vehicle applications. For wider commercialization, however, further improvement, especially, reduction in platinum (Pt) group metal usage, is desirable. In vehicle applications, PEFCs are, most of the time, operated at potentials at which Pt is partially oxidized. 1 The potential fluctuates according to the necessary power output, and thus the Pt surface is oxidized and reduced during the operation. Surface oxides decrease the activity of oxygen reduction reaction 2 but inhibit the Pt dissolution. 3 Hence, adjusting the amount of oxide in an appropriate range during the operation of PEFCs is essential for balancing the performance and durability.
Study of the mechanism of Pt oxide formation and reduction has a long history because of its fundamental and practical importance. The kinetics of oxide formation and reduction was studied by voltammetry and potentiostatic or galvanostatic techniques. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The results were combined with spectroscopic methods and kinetic models were proposed for oxide formation and reduction. 5, 15 Mathematical models were developed by hypothesizing several surface species and their rates for formation and reduction. 5, [16] [17] [18] The effect of parameters in the models on voltammograms was discussed, or the models were validated by appropriate selection of parameters that reproduce experimental voltammograms. Even by the latest model, however, some features in the cyclic voltammograms (CVs) and oxide growth rate are still not well reproduced. 5 Under such circumstances, experimental investigation that examines the rate of oxide formation and reduction will help develop strategies for optimizing the potential range in practical PEFCs. Early work by Vetter and Schultze 14 shows that the rate of oxide formation and reduction can be described as Tafel equation having two state variables, namely, potential and oxide coverage. In their formulation, the same oxide coverage was selected as the initial condition before measuring the reduction rate because they observed that the properties of the oxide layer was influenced by formation conditions. Similarly, the reduction behavior of oxide films depends on the upper potential limit and potential holding time for oxide formation. 5, 6, 10, 11 In this work, the oxide formation and reduction rates were examined potentiostatically by applying various potential histories, whose range reflects the practical operation of PEFCs. The results were analyzed using potential and oxide coverage in the same manner as in Vetter and Schultze 14 so they can be exploited in future mathematical modeling.
Experimental
All experiments were conducted using MEAs comprised of Nafion N117 (DuPont), in-house prepared catalyst layers, and developmental gas diffusion layers. Nafion N117, whose nominal thickness is 183 µm, was used to minimize the crossover of the gases through the membrane. Catalyst layers were prepared from ink containing a 49 wt% Pt/C (TEC10V50E, Takana Kikinzoku Kogyo) and a Nafion dispersion (DE2020, DuPont). The ink was applied on a PTFE substrate and vacuum dried at 80°C. Then the decals were hot-pressed onto the membrane. The active area was 13 cm 2 . Table 1 shows the details of the catalyst layers. The electrochemical surface area (ECSA) of the cathodes are calculated from the charge of hydrogen desorption, Q H , as described later in Eq. (1) divided by the charge required for the monolayer adsorption of H atom on a unit area of Pt surface, Q 1 , assumed as 210 µC cm ¹2 Pt . The MEA was assembled in a fuel cell hardware with grid flow fields.
A custom-made fuel cell testing equipment (Chino) was used for gas supply. The flow rate of each gas was controlled by a mass flow controller. The gas was humidified in a humidifier at the same temperature as that of the cell. The cell was operated at ambient pressure. All potentials are reported with respect to the reversible hydrogen electrode (RHE) calculated using the operating conditions. The cell was preconditioned at 80°C using a custom-made power supply (Hokuto Denko) as follows. First, N 2 and H 2 were supplied to the working and reference/counter electrodes, respectively, with a flow rate of 500 sccm and the potential was cycled between 90 and 1210 mV for 50 times. Then, the N 2 gas was switched to 500 sccm of O 2 and the cell was operated at 100 mV for at least 2 hours. Finally, the cell was open-circuited, the O 2 gas was switched to N 2 , and the cell temperature was reduced to 40°C.
The rate of oxide formation and reduction was measured as a current using an electrochemical measurement unit (SI 1280B, Solartron) for MEA #1 and a potentiostat (PS2100, Toho Giken) and a function generator (FG-02, Toho Giken) for MEA #2. The current was measured at 40°C with 500 sccm of N 2 and 1027 sccm of 2.6% H 2 with balance N 2 gas to the working and reference/counter electrodes, respectively. Voltammetry was carried out by applying potential vs. time functions shown in Fig. 1 . Function A was applied to measure the oxide formation rate: after a conditioning cycle, the potential was swept anodically from 80 mV and held at E for 100 s. Function B was applied to measure the oxide reduction rate: after a conditioning cycle, the potential was swept anodically from 80 to 1000 mV, then returned to E and held for 100 s. The holding potential E was from 500 to 1000 mV at 10 mV increments for these two functions. To provide various initial conditions before measuring the reduction rate, Function C was applied: after a conditioning cycle, the potential was swept anodically from 80 mV, held at E 1 for time¸1, and then swept cathodically to held at E for 100 s. The holding potential E 1 was 900, 910, 920, or 930 mV, and E was selected as E 1 ¹ 200 mV¯E¯E 1 ¹ 160 mV at 5 mV increments. The potential-holding time¸1 was 0, 1, 2, 5, 10, 20, 50, or 100 s.
Currents from crossover H 2 oxidation and electrochemical double-layer charging/discharging are background currents and were subtracted from the measured current. The background current during the potential hold is the crossover H 2 oxidation only, and that during the potential sweep comes from both crossover H 2 oxidation and the double-layer charging/discharging. The background currents were estimated separately under the same gas conditions with the experiments of oxide formation and reduction.
The background current during the anodic sweep was assumed as the minimum oxidation current in the double-layer region. The background current during the cathodic sweep was estimated from CVs with different upper potentials (Function D in Fig. 1 ). The minimum of the reduction current observed between the hydrogen adsorption region and the oxide reduction region increases with increasing upper potential. The current was extrapolated to the potential where the minimum oxidation current was observed. The current was assumed as the background current during the cathodic sweep.
Crossover H 2 oxidation current was estimated by applying Function E in Fig. 1 . CVs between 80 and 600 mV were obtained at 1, 2, 4, 6, 8, and 10 mV s ¹1 to estimate the minimum currents in the double-layer region during the anodic sweep. The current at zero sweep rates was estimated by extrapolation and regarded as the H 2 -crossover current. Figure 2 shows an example of the potential diagram and observed current density I as a function of time t. The current density reaches a minimum value I a around 450 mV during the anodic sweep at t = t 2 . The time t 1 is defined so that I = I a at Figure 1 . Potential functions. Each function starts with a conditioning cycle between 80 and 1000 mA at a scan rate of 50 mV s
¹1
. The functions are used to measure the oxide formation rate (A), the oxide reduction rate (B), the oxide reduction rate for different initial oxide coverage (C), the background current (D), and the crossover H 2 oxidation current (E). 
With an assumption that one electron is transferred per Pt atom through the reaction, Q H is a measure of the Pt surface area. The charge for the surface oxide on the unit area of the catalyst layer by the time t is calculated as
where I BL is the baseline current which depends on the sweep rate and sweep direction. The coverage of the surface oxygen species at time t can be defined by assuming a surface reaction
and calculating PtOH-equivalent coverage ª as
which is also shown in Fig. 2 . The coverage during a potential cycling depicted as Function D in Fig. 1 is shown in Fig. 3 . The limit of the integral in Eq. (2) is defined as the time when the reduction current reaches minimum around 450 mV. The coverage should return to zero at the corresponding potential if the surface oxides are reduced completely and the background currents are appropriately defined. Deviation from zero was +0.003 ¹0.008 at most. This result supports the validity of the following estimation of the oxide coverage under various potential histories.
Results and Discussion

Oxide formation/reduction without preceding potential hold
The time evolution of coverage during the potential hold for Functions A and B is shown in Fig. 4 . At 700 and 800 mV, the coverage increases with time when the coverage is lower than certain limits, and the coverage decreases with time when the coverage is higher than that. At 500 and 600 mV, in contrast, the reaction can proceed in either direction at the same coverage, even when the errors in the background currents are taken into consideration. The case of 900 mV for Function B, the coverage initially decreased, and then increased with time.
The results of potentials of 500 and 600 mV in Fig. 4 indicate that the current is not uniquely determined by potential and coverage alone at least at these potentials, and imply that the surface states with different potential histories are different even at the same potential and coverage. This can be explained by assuming different oxide types that depend on the potential at which they are formed. Function A yields a surface with oxides that are formed at potentials below E only, while Function B yields a surface with oxide species formed above E as well. Current from hydroquinone/quinone redox couple on carbon supports, which should be observed during potential sweep as a flat peak between 500 and 600 mV, 19 may be superimposed on the observed current. In this work, the peak was not observed, as shown in Fig. 2 . Thus, the observed hysteresis was not possibly originated from the surface oxidation of carbon supports.
A similar argument can be applied to the case of 900 mV for Function B. In this case, oxide reduction reaction for the oxide formed at the potential higher than 900 mV firstly proceeds and then the oxide formation reaction takes place at the same site or in the vicinity of the site.
Tafel relations were obtained from the potential-holding segment in Functions A and B. With potential-holding time¸, the data were fitted to polynomials
and the oxide formation/reduction rate (current density) i was calculated from
ja j ðLog eÞ ½Log¸ jÀ1 : ð6Þ Figure 5 shows the oxide formation and reduction rate as a function of potential with different coverages. It indicates that the rates follow Tafel equation
at ª ² 0.07 both for oxide formation (+) and reduction (¹). Similar results were reported by Vetter and Schultze through galvanostatic measurements for polycrystalline Pt in H 2 SO 4 . 15 At ª < 0.07, deviation from Tafel equation is observed in the low current density region. Particularly, the current density is above the extrapolated Tafel lines for oxide formation. The deviation can be derived from some oxidation currents other than from oxide formation. One possibility is the adsorption of sulfonic acid group in Nafion. [20] [21] [22] A mass-change measurement with an electrochemical quartz crystal microbalance using a Pt electrode in perfluorosulfonated ionomer solution demonstrated a mass increase during the anodic sweep. Electrochemistry, 84 (7), 511-515 (2016)
The mass increase was partially ascribed to the adsorption of sulfonic acid group. In a voltammetry experiment using a Nafioncoated Pt disk electrode in N 2 -saturated HClO 4 , a peak which could be due to the presence of the sulfonic acid group was observed at 0.18 V during the anodic sweep. 21 In a chronoamperometry using an MEA under an inert atmosphere, a reduction current was observed when CO was fed into the cell at 0.5 V, which was attributed to the displacement of the sulfonic acid group by CO. 22 In the present work, the sulfonic acid group is undeniably adsorbed on Pt somewhere below 0.5 V. The oxidation current from the adsorption is presumably small enough not to affect the accuracy of the oxide coverage estimation.
From Fig. 5 , at ª ² 0.2, we can observe that the distances between the neighboring two lines are almost the same. This implies that ∂ ln«i«/∂ª ¥ constant and hence the oxide formation and reduction rates are not proportional 1 ¹ ª and ª, but rather exp(¹ª) and exp ª, respectively.
The Tafel slope, b, in Eq. (7) is calculated from the slope of each regression line in Fig. 5 and shown in Fig. 6 . The Tafel slope ranged from ca. 10 to 40 mV decade
¹1
. For oxidation [ Fig. 6(a) ], the Tafel slope shows an initial decrease followed by an increase with the increase in the coverage. For reduction [ Fig. 6(b) ], the Tafel slope decreases with increasing coverage, though the data is scattered more widely than that for oxidation. Figure 7 shows the reduction current density at 740 mV as a function of coverage for various potential-holding times at 900 mV. It can be observed that the longer the potential-holding time is, the smaller the reduction current density is. In other words, oxides experiencing a higher coverage by a longer holding and a larger reduction to reach a given coverage is harder to reduce further than oxides experiencing a lower coverage by a shorter holding and a less reduction to reach the given coverage. This tendency is also seen in Fig. 8 , which shows the relationships between the reduction current density and potential at ª = 0.3 for various potential-holding times, derived by smoothing the current density vs. coverage data. Again, Tafel relation was obtained within the data of the same E 1 and¸1. Along with the results in Fig. 5 , it turned out that Tafel relation is constructed within the data of the same oxide formation history.
Oxide reduction with preceding potential hold
To clarify the influence of the oxide formation condition, the reduction current density at ª = 0.35 is plotted against the maximum coverage ª max attained during the oxide formation process for Electrochemistry, 84(7), 511-515 (2016) various reduction potential in Fig. 9 . Clearly, the reduction current density at the same potential and coverage decreases with increasing maximum coverage. This indicates that the energy states of the oxide are filled and unfilled irreversibly during potential cycling, as discussed in Ref. 5 , or the surface oxygen species approaches a more stable state during the potential hold.
The effect of oxide-formation potential E 1 (900-930 mV) is also examined. In view of the above results, the current densities should be compared at the same potential and coverage with the same maximum coverage to reduce the effect of the initial condition before the reduction. The current density at a specific maximum coverage is calculated by interpolating the current density vs. maximum coverage relations, as shown in solid lines in Fig. 9 , because the maximum coverages are not exactly the same in the experimental data. As shown in Fig. 10 , the reduction current increases with oxide formation potential; this result means that oxide formed at a higher potential for a shorter period of time is easier to reduce than oxide formed at a lower potential for a longer period of time.
Conclusions
The rates of oxide formation and reduction at Pt catalyst in PEFCs were measured potentiostatically with various potential histories. The rate was examined using PtOH-equivalent coverage as a parameter. The rate is not uniquely determined as a function of potential and the coverage alone, indicating that the surfaces with different potential histories have different surface states. Tafel relation was constructed for the coverage larger than 0.07. The Tafel relation was obtained within the data of the same oxide formation history. The reduction current decreases with increasing time for oxide-formation, i.e., maximum oxide coverage attained during the oxide formation. The effect of oxide-formation potential on the reduction current was examined under the condition of the same maximum coverage by changing the potential-holding time. The reduction current increases with increasing oxide-formation potential and hence decreasing oxide formation time. Therefore, the oxide-formation potential and/or oxide-formation time are factors to determine the oxide reduction rate. Electrochemistry, 84 (7), 511-515 (2016) 
